polyol method [5] [6] [7] have been proposed to produce nanocubes in a highly controlled way with high yields. As evidenced by theoretical and experimental results, the geometrical parameters such as edge length and curvature of edges and corners [8, 9] as well as aggregate properties [10, 11] , and the polarization of the excitation light [12] have a great influence on the plasmonic properties of the nanocubes and the resulting signal enhancement, especially with respect to surface-enhanced Raman scattering (SERS) [9, [11] [12] [13] .
Introduction
Noble metal nanocubes have attracted much interest in photonic applications, as they exhibit edges and corners where high local fields can arise, resulting in exceptional optical properties [1] [2] [3] [4] . Several methods based on the
Methods
The silver nanocubes were synthesized by reduction of silver trifluoroacetate (≥ 99,99%, Sigma) in diethyleneglycol (≥ 99%, Sigma) at 155°C according to the procedure previously described by Wang et al. [7] . The reaction was stopped by placing the flask in an ice-water bath. After the reaction the nanoparticle solution was centrifuged and washed with acetone and deionized water. The nanoparticles were immobilized using 3aminopropyltriethoxysilane (APTES, 98%, Sigma) [15] [16] [17] [18] [19] .
For transmission electron microscopy (TEM), nanoparticles were taken from solution and dried on copper grids coated with a formvar/carbon film. Transmission electron micrographs were obtained using a FEI Tecnai G 2 20 S-TWIN with 200 kV acceleration voltage. The glass surfaces with the immobilized nanoparticles were imaged by scanning electron microscopy using a Hitachi SU8030 with a cold field emitter. The acceleration voltage was 15 kV. To enhance the conductivity of the sample, a thin carbon film was evaporated. Raman and SERS experiments were performed using a Raman microscope equipped with a 60 x immersion objective (Olympus, 1.5 µm spot diameter) and a nitrogen cooled CCD camera (Horiba Jobin Yvon). For excitation at 633 nm and 532 nm a helium-neon-laser (Thorlabs, HRP 170) and diode-pumped solid-state laser (B&W Tek, FlexBBI-532-100E) were used, respectively. Typical spectra both for the Raman and the SERS experiment were collected in 1 s, using a laser intensity on the sample of 5·10 5 W·cm 2 in experiments with excitation at 532 nm and 4·10 5 W·cm 2 in the experiments with excitation at 633 nm. For determination of the SERS enhancement factors, crystal violet (CV) was used in a concentration of 1·10 -6 M with nanocubes in solution and of 1·10 -8 M with the immobilized nanocubes. Normal Raman experiments were conducted using 10 -3 M CV. All Raman experiments were conducted in aqueous solution. Enhancement factors (EF) were estimated by comparing intensities of the band at 1618 cm -1 of CV in the normal Raman spectrum (I RS ) and in the SERS spectrum (I SERS ), taking into account the number of molecules in the focal volume in the normal Raman experiment (N RS ), the number of molecules on the nanoparticle surface (N SERS ), and also the average number of nanocubes in the focal spot, assuming a surface area per CV molecule of 4 nm 2 [ref. 20] .
EF = I SERS · N RS I RS · N SERS
All 3D finite difference time domain (FDTD) calculations were performed using Lumerical FDTD Solutions software. A plane wave was used for excitation, propagating along the negative z-axis direction with 0° polarization. All output images were normalized to the intensity of the excitation source. Periodic boundary conditions were applied in the plane of the simulated structure. The frequency-dependent dielectric function of silver was taken from literature [21] and the refractive index of the surrounding dielectric was set to 1.33, as was the case in our SERS experiments.
Results and Discussion
Silver nanocubes were prepared by the polyol method in the presence of polyvinylpyrrolidone (PVP) [5, 7] . After different reaction times, samples were taken, and the size, shape, and plasmonic properties of the nanoparticles were analyzed. We immobilized the silver nanocubes on glass surfaces using 3aminopropyltriethoxysilane (APTES). This method has the advantage that it is simple and leads to the formation of dense and stable monolayers of nanoparticles [15] [16] [17] [18] [19] . Figure 1A and 1B show transmission electron micrographs of the nanostructures taken after 60 and 150 minutes reaction time, respectively. The synthesis yielded 78% of polygonal structures, predominantly nanocubes, which is slightly lower compared to the yield obtained by Wang et al. [7] . During the reaction process, the size of the nanocubes increased from 29 ± 7 nm after 60 minutes to 38 ± 9 nm after 150 minutes. In Figure 1C and 1D, scanning electron micrographs of the nanocubes after immobilization on a glass surface using APTES are displayed. It can be clearly seen that the nanocubes are homogeneously distributed on the surface, forming small aggregates with narrow inter-particle gaps (60% of the particles are aggregated). The arrangement of the nanocubes upon silane immobilization ( Figure 1C and 1D) differs greatly from large aggregates and accumulations (Figure 1 A) or nanoparticle chains obtained during drying on the TEM grids (Figure 1 B) . We have made similar observations previously in the AFM characterization of glass surfaces with attached spherical silver and gold nanoparticles, where we found that the density and size of silver nanoaggregates on a glass surface is determined to great extent by the type of the silane linker molecule [15] . Figure 2A shows the extinction spectra of nanocube solutions after different reaction times. They all exhibit a plasmon resonance around 400 nm, typical of silver nanostructures. With increasing reaction time, the extinction maximum shifts from 402 nm after 60 minutes to 420 nm after 150 minutes, indicating the size of the comparison of the transmission electron micrographs of the nanocubes taken after 60 and 150 minutes ( Figure  3A and 3B, respectively), reveals that a sharpening of the edges and corners of the nanocubes takes place during the reaction process, explaining the occurrence of the band at nanocubes has increased ( Figure 1A and 1B) [22, 23] . Developing from a shoulder arising in the spectra after 90 minutes (red spectrum in Figure 2A ), another band around 350 nm is observed after 120 and 150 minutes (blue and green spectrum, respectively, in Figure 2A ). A direct 350 nm [13, 24, 25] . As indicated by the two spectra of Figure  2B , upon immobilization of the nanocubes on a glass surface, the resonance shifts from 410 nm to 394 nm, and a second broad peak around 600 nm arises. We assume that two contributions are responsible for that. The first one is the gap size reduction between the particles by the formation of small aggregates on the surface (compare also Figure 1C and 1D) [26] and the second is a resonance splitting due to the appearance of different electric fields on the nanocube surfaces close to the surface of the glass support and opposite to the glass surface [8, 27, 28] . The SERS enhancement of the synthesized silver nanocubes in solution and immobilized on glass was tested using two analyte molecules, crystal violet (CV) and paminothiophenol (pATP), with two different excitation wavelengths, 532 nm and 633 nm respectively. The SERS spectra of pATP and CV obtained with the silver nanocubes are shown in Figure 4 . They all exhibit signals that are typically observed in SERS spectra of CV [20, 29] and pATP [30, 31] . In addition to the signals from the analyte, the spectra obtained using an excitation wavelength of 532 nm also exhibit bands around 2940 cm -1 and 1760 cm -1 which can be attributed respectively to the stretching vibrations of the CH 2 and the C=O groups of PVP [10] (Figure 4D and 4E). They are also evident in the spectra of silver nanocubes without analyte molecules ( Figure 4F ). This indicates that the PVP is not completely replaced by the analyte molecules, in contrast to what has been described before for thiols in low concentrations [32] . Incomplete replacement of the PVP is supported by the very strong stabilization of the nanoparticles that is observed in the UV/vis-spectra after addition of sodium chloride and pATP ( Figure 2C ). No aggregation occurs under such conditions. Enhancement factors (EFs) were estimated in the experiments with CV using the SERS and normal Raman intensities of the benzene vibrational mode of CV at 1618 cm -1 [29, 33] . For the nanocubes in solution, we estimate EFs between 2·10 3 and 2·10 4 at an excitation wavelength of 633 nm. When the nanoparticles are immobilized with the aminosilane, the distance between the nanoparticles is significantly decreased by the formation of defined aggregates (compare also Figure 1D ), and we obtain EFs that are increased by three orders of magnitude to up to 10 6 , compared to those in solution. Similar EFs were reported for silver nanocube dimers [11, 34] even though they were not immobilized by aminosilane and were of slightly greater size.
To relate the enhancement observed in the SERS experiments with the nanocubes in solution and upon silane immobilization to plasmonic properties, we compared results from 3D finite-difference time domain (FDTD) simulations of characteristic nanoparticle configurations observed in the electron micrographs (indicated by frames in Figures 1A and 1D ) with the estimates from the experiments. Figures 5A -C display the electromagnetic field distributions for the selected geometries. For a single silver nanocube, the highest electric field is observed at the corners ( Figure 5B ), in accordance with previous results [12, 35] . Considering equal conditions for the excitation and the scattering field, it would lead to an electromagnetic SERS enhancement of ~250. This is in good agreement with the observation of an EF of ~10 3 obtained with crystal violet for PVP stabilized nanocubes in solution, taking into account that the experimentally determined EF will also contain a chemical contribution. (3D-FDTD) electric field intensity distribution in the xy-plane (the monitor was placed 12.5 nm above the bottom of the nanocubes) for geometrical configurations corresponding to experimentally observed structures (silver nanocubes with rounded corners (radius of curvature: 3 nm in A and B and 6 nm in C) and 25 nm edge length, marked by red frames in the electron micrographs in Figure 1 A and D). The field distribution is shown for (A) a silver nanocube dimer in an edge-to-face configuration in water at an excitation of 532 nm (see Figure 1 A) , (B) a single silver nanocube in water at an excitation of 532 nm and (C) a silver nanocube trimer in a face-to-face configuration on a glass substrate in water at an excitation of 633 nm (see As indicated in the extinction spectrum in Figure 2B (red trace), the plasmonic properties change greatly upon silane immobilization of the nanocubes. Figures 5A and  5C indicate that, when aggregates are formed as observed upon immobilization on the glass (compare Figure 1) , the electric field enhancement increases significantly, and the highest field enhancement is localized at the corners and in the gaps between the nanoparticles. Figure 5D shows the maximum field enhancement that is found for an individual nanoparticle, an edge-to-face dimer, and linear face-to-face arrangement in a trimer for 15 wavelengths in the range of 500 to 700 nm. The results show a nearly constant maximum enhancement with a slight decrease for longer wavelength for the edge-to-face dimer and the single nanocube. For the trimer the enhancement has a maximum around 630 nm that is ~100 times higher compared to the value determined for a wavelength around 500 nm ( Figure 5D ). The highest maximum enhancement in an edge-to-face dimer ( Figure 5A ) in principle enables SERS enhancements on the order of 10 6 -10 8 for excitation with 532 nm. The values for face-to-face trimers are similar when excitation with 633 nm is used. The experimentally determined enhancement factors of ~10 6 observed for crystal violet with immobilized silver nanocubes at 633 nm excitation (see Figure 4C for the CV spectrum) are in agreement with this theoretical estimate. The absence of EFs higher than 10 6 in the experimental data is in accordance with the observation of relatively few edge-toface structures in the silane-immobilized nanoparticles, and many face-to-face contacts in the aggregates of the nanocubes on the glass surfaces ( Figures 1C and 1D) . It is known that the field enhancement can be optimized by orienting the longitudinal axis of nanocube aggregates parallel to the polarization of the excitation source [34] . The immobilization using silane leads to a random orientation of the nanocubes and their aggregates. Therefore, the estimated enhancement is a result of averaging over different orientations relative to the laser polarization. Nevertheless, having the main aim of simple on-demand fabrication in mind, the slightly lower enhancement due to random orientation can be regarded as a trade-off for the easy preparation and high stability of the substrate.
In conclusion, we have demonstrated immobilization of silver nanocubes on glass surfaces using aminosilane functionalization. On the surfaces, the formation of small, homogeneously distributed nanocube aggregates with preferred face-to-face orientation results in SERS enhancement of ~10 6 for excitation at 633 nm, in agreement with theoretical considerations. The facile and reproducible immobilization procedure enables utilization of the nanocubes under stable conditions as SERS substrate in analytical applications and as constituents of mix-and-match surfaces [15] .
